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Abstract 
It has been suggested that in addition to genetic factors, fetal and post-natal growth influence 
cognition in early adulthood. However, most studies have been in developed populations, so it 
is unclear if the same findings would be seen in other, less developed, settings, and have used 
testing tools not applicable to an Australia Aboriginal population. This study investigated the 
relationships between cognitive function in early adulthood and birth weight and contemporary 
height. Simple reaction time (SRT), choice reaction time (CRT) and working memory (WM) 
were assessed using the CogState battery. A significant association was seen between birth 
weight and SRT in early adulthood, but not with the other two cognitive measures. Urban 
dwellers had significantly shorter SRT and CRT than their remote counterparts. Contemporary 
body mass index and maternal age were associated with CRT. Only fetal growth restriction 
was associated with WM, with greater WM in those with restricted growth. No associations 
were seen with contemporary height. These results suggest that fetal growth may be more 
important than the factors influencing post-natal growth in terms of cognition in early 
adulthood in this population, but that the associations may be inconsistent between cognitive 
outcomes. Further research is required to identify whether similar associations are seen in other, 
similar, populations, and to assess why differences in cognitive outcome measures are seen.  
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Introduction 
Although cognitive ability has a heritable component, environmental influences are also likely 
to play a substantial role. Nutritional status in utero, for which birth weight is often used as an 
indicator, is one such environmental influence that may affect brain development1. However, 
as birth weight also has a considerable heritable component, any association with birth weight 
may be equally mediated by genetic factors2.  
Very low birth weight babies are known to be less well developed in terms of cognitive function 
in childhood3-6, and early adulthood5,7-10. An association between birth weight and later 
cognition, even within the normal birth weight range in term births, has been seen in some 
studies11-15, but not in others16-18. 
Height in adulthood has been consistently related to cognition in adulthood7,19-21. Less is known 
regarding the relationship between cognition and height in early adulthood, although height in 
childhood has been shown to be positively associated with cognitive ability7,17,22. However, it 
is unclear whether such a relationship persists, or whether it diminishes with age. Obesity has 
been associated with cognitive function at a range of ages23, although the association may have 
a bi-directional component, particularly in later life. Childhood malnutrition has also been 
linked to poorer cognition24. 
The vast majority of the studies linking either birth weight or height with cognition have been in 
developed countries, so it is unclear if the same findings would be seen in other, less developed, 
settings. Although Australia is a developed country, it includes a disadvantaged Aboriginal 
Australian population. Australian Aborigines have low birth weight rates more than double those 
of the non-Aboriginal population (13% compared with 6%)25. With such high rates of adverse 
fetal growth, it is important to study whether the links between birth weight and later cognition 
are seen in this population.  Moreover, traditional cognitive assessment tools are mostly 
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inappropriate for populations such as Indigenous Australians, as they tend to rely heavily on the 
use of both spoken and written English language and unfamiliar concepts. 
This study, using prospectively recorded data from the Australian Aboriginal Birth Cohort 
Study26, investigated the relationships between cognitive function in early adulthood and birth 
weight and contemporary height.  
Materials and methods 
Participants in this study were members of the Australian Aboriginal Birth Cohort. To be 
eligible for this cohort, a baby had to be a singleton born at Royal Darwin Hospital between 
January 1987 and March 1990 to a mother self-identified and recorded as Aboriginal in the 
Delivery Suite Register. This resulted in 686 Aboriginal babies (of the 1238 eligible babies) 
being recruited26. There were no significant differences in the mean birth weight, low birth 
weight rates or sex ratio between those recruited and those not26. At the time of recruitment, 
the Royal Darwin Hospital was the routine place of delivery for 98% of Aboriginal mothers 
within the local health region of 120,000 km2, and the tertiary referral hospital for high risk 
deliveries transferred in utero from a sparsely populated vast area covering 2 million km2 of 
northern Australia. Hence the cohort consists of both routine deliveries and also those 
deliveries resulting from the high risk in-uteri referrals. 
Information on a number of factors, including birth weight, gestational age, maternal age, 
growth, residential status (as a surrogate for socio-economic status), and cognition was 
recorded prospectively for study members. Measures of weight, length and head circumference 
were taken at birth. Gestational age was estimated within 4 days of birth by the same neonatal 
paediatrician using the Dubowitz scoring system,27 previously evaluated for  Aboriginal 
babies28.  
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Along with the continuous measure, birth weight was categorised into two groups for size; 
<2.5kg and >2.5kg and a further two groups for fetal growth restriction; <10th percentile or not, 
using post-natal gestational age estimations and an Australian-based reference standard 
contemporary with the time of recruitment29. 
Residence, at the time of follow up, was defined as remote (residence in defined remote 
Aboriginal Communities) or non-remote (residence within the twin cities of Darwin and 
Palmerston, the greater Darwin area and smaller rural towns). 
Measures of adult height, weight, age and cognition were taken between December 2005 and 
January 2008. Participants were measured while wearing light clothing and no shoes. Weight 
was measured, once, to the nearest 0.1 kg using a digital electronic scale (model TBF-521; 
Tanita Corp, Arlington Heights, IL), and height to the nearest millimetre with a portable wall-
mounted stadiometer. Body mass index (BMI) was calculated from height and weight. Height 
from this period was standardized using the Centers for Disease Control and Prevention (CDC) 
2000 growth reference30. Standardised training was given all assesors of height and weight. 
Maternal age was collected from the hospital birth records at the time of recruitment of the 
baby into the study.  
Cognitive Assessment 
Cognitive function was assessed using the CogState computerized cognitive test battery 
(CogState Ltd, Melbourne, Australia, www.cogstate.com). CogState is a non-verbal, 
computerised, cognitive assessment developed for the assessment of diverse groups31, and 
previously shown to be valid in terms of reliability and minimal practice effects in a sample of 
Indigenous Australian adolescents32. The battery in this study consisted of three tasks that are 
based on playing cards displayed on a computer screen. By using playing cards, it is 
independent of language, culture and socioeconomic background. The tasks were as follows:  
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1.Simple reaction time (SRT): This is a measure of psychomotor speed in which one playing 
card is shown face down on the computer screen, with an instruction to press the “yes” key as 
quickly as possible whenever the card is turned face up. This is repeated 35 times, randomly. 
A lower score reflects better performance. 
2. Choice reaction time (CRT): This measures choice reaction time and decision making 
attention. A face-down playing card is displayed on the screen. When the card is flipped over, 
if it is red, the participant  should press the “yes” key, and if it is not red, then the participant 
should press the “no” key. This is repeated 30 times, again randomly. A lower score reflects 
better performance. 
3. Working memory (WM): This measures primarily working memory, but also psychomotor 
speed and visual attention. Each time a card is revealed, the participant  must decide 
whether he/she has been shown that card before in this task and respond by pressing the "Yes" 
or "No" key. The participant should, therefore, try to remember all the cards that are presented 
in this task. The procedure is repeated 30 times, again randomly. A higher score reflects better 
performance 
Statistical analysis 
Sex differences in cognition (SRT, CRT, WM) were tested using the Wilcoxon rank sum test. 
Associations between cognition and explanatory variables were estimated using linear 
regression. Regression coefficients (co-eff) are presented with accompanying 95% confidence 
intervals (95% CI). Gestational age, birth weight, age, heights, BMI and maternal age were 
treated as continuous variables. Residential status, sex, low birth weight and fetal growth 
restriction were treated as categorical variables. Cohort members with missing data were 
included in all analyses for which they contributed complete data (i.e. complete data for all 
variables included in a particular model). Multiple adjusted models were formed to ensure that 
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the various measures of birth size and fetal growth were not included in the same models. All 
statistical analyses were done using the Stata statistical software package, version 12.0 
(StataCorp, College Station, TX).  
Results 
During data collection between 2005 and 2008, 263, 255 and 259 study members took part in 
the SRT, CRT and WM tasks, receptively (table 1). Of those that took part in the cognition 
testing, 46% were male (54% female) and 74% were remote residents. Despite small 
differences in the participation numbers between the different cognitive tests, means and 
standard deviations/medians and inter-quartile ranges were the same across variables 
investigated, therefore descriptive statistics are shown for the maximum sample available in 
table 1. 
No difference in any of the cognitive outcome variables (SRT, CRT and WM) was seen 
between males and females (p=0.424, p=0.826, p=0.552, respectively). A significant negative 
association between SRT and birth weight was seen (table 2) which remained, with greater 
magnitude, after adjustment for gestational age, maternal age and residential status (table 3). 
This significant negative association also remained when birth weight was categorised, above 
and below 2.5kg, (p=0.046, adjusted p=0.023) with low birth weight associated with longer 
reaction times. There were neither significant associations between gestational age and 
cognition, nor any association with birth weight and the remaining tests. Having had fetal 
growth restriction was significantly associated with longer SRT (p=0.002, adjusted p=0.008). 
However, having had fetal growth restriction was also associated with a greater proportion of 
correct responses to the WM task (i.e. better WM) (p=0.014, adjusted p=0.023). There were 28 
individuals born pre-term (i.e. <37 weeks gestation) that completed the CogState battery. Being 
born premature was not significantly associated with any of the cognitive tests. 
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Age of the participants undertaking cognitive assessments ranged from 17 to 19 years (table 1) 
and no significant associations were seen between age and any of the outcomes. Maternal age, 
at the date of birth of the participants, ranged from 18 to 26 years and also showed no significant 
associations with any of the outcomes. 
Both contemporary height measures (raw and z-score) showed significant, negative, 
associations with both SRT and CRT (table 2). However, neither remained significant after 
adjustment for gestational age, maternal age and residential status (table 3) . BMI (z-score) was 
significantly negatively associated with SRT and CRT, but not with WM. After adjustment for 
gestational age, maternal age and residential status , the remaining association with CRT 
showed a decrease in reaction time with increasing BMI z-score. 
Those with non-remote residential status performed significantly better in SRT and CRT than 
those with remote residence. While a borderline significant result with WM (with a reduced 
proportion of correct responses in the WM task among urban participants), this was not 
significant in the adjusted model. 
Models were valid in terms of adhering to the assumptions underlying linear regression and no 
outliers were detected. 
Discussion 
In this cohort of Indigenous Australians, a significant association was seen between birth 
weight and SRT in early adulthood, but not with the other two cognitive measures. Urban 
residents had significantly lower SRT and CRT than their remote counterparts. Contemporary 
BMI and maternal age were associated with CRT, while only fetal growth restriction was 
associated with WM. No associations were seen with contemporary height. 
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Our finding of a negative association between birth weight and SRT is consistent with previous 
studies that have shown associations between low birth weight and cognition in early 
adulthood5,7-15. Specifically to reaction times, Strang-Karlsson et al’s study of the Helsinki 
birth cohort showed that adults who were born at very low birth weights had slower reaction 
times than control adults9. However, while our findings are consistent for SRT this appears to 
be the first time this has been shown in the whole birth weight range of a population, Strang-
Karlsson et al. also showed associations with other cognitive outcomes from the CogState 
battery, including CRT and WM, with worse performance in those born at very low birth 
weights9. A study of neuromotor function also found lower simple reaction times in children 
(5-7 years old) who had been very low birth weight babies, although this was a cycling-based 
test, rather than the card-based test used in this study33.The finding of greater WM in those 
with fetal growth restriction was in the opposite direction to that expected, and to that reported 
by Strang-Karlsson et al.9 While this may reflect a difference in the study populations included, 
or relate to an unmeasured exposure or compensatory mechanism during the prenatal or post-
natal period, it may also be due to residual confounding or chance. 
While previous studies have shown associations between height in adulthood and cognition in 
adulthood7,19-21 and between height in childhood and cognitive ability7,17,22, no such 
associations were seen in this study. No previous associations appear to have been reported 
between adult height and any of the three specific cognitive outcomes in this study. 
A number of previous studies have shown a stronger effect of socioeconomic status on 
childhood cognition than that seen for birth weight16,34-35. There is no measure of socio-
economic status available for the Australian Aboriginal population. However, the residential 
status of remote and non-remote recorded at the time of follow-up, can be used as proxy for 
socio-economic status with the presumption of being more disadvantaged with a residential 
status of remote. Those with a non-remote residence had lower simple and CRT when 
Birth weight and cognition in Indigenous Australians 
10 
 
compared to those in a remote residence. This may reflect such factors as schooling and 
exposure to computers which are greater with a non-remote residence and less likely to reflect 
nutritional status which would be expected to operate in the opposite direction.  
Obesity has been associated with cognitive function at a range of ages23, although the 
association may have a bi-directional component. In contrast, we found a negative association 
between contemporary BMI and CRT. Given that the mean BMI z-score was nearly half a 
standard deviation below zero, this does not reflect a likely influence of obesity or overweight, 
of which there were few in this population. Instead, better cognitive performance in terms of 
CRT in those with higher BMI is likely to reflect nutritional status being better in those in the 
normal BMI range, and that underweight can be associated with cognition as well as 
overweight24. 
Strengths and weaknesses 
The main strength of this study is that prospectively collected data on early life experience, 
including fetal growth, gestational age and maternal age, could be analysed, in relation to three 
cognitive outcomes variables, alongside later measures of adult height and residential status in 
an Australian Aboriginal population. Rather than using the cognitive assessment methods often 
used in populations in developed countries, we used the CogState battery, which is much more 
appropriate and less to prone to bias in this population. To our knowledge, no other study has 
used the CogState battery to assess associations between early growth and later cognition over 
the entire birth weight range. 
It has also been proposed that genetic factors and parental education levels may mediate the 
relationship between birth weight and cognitive ability2,36. Maternal education and duration of 
breastfeeding have been linked with cognition37. We were unable to take account of these 
possible confounding factors in this investigation. However, for breast-feeding, as the vast 
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majority of Aboriginal infants were breastfed38, this is unlikely to have introduced much in the 
way of confounding. Similarly data were not available for maternal height or BMI. 
Although a postnatal classification of fetal growth restriction may not be ideal, it was necessary 
in this study as 70% of mothers did not know their last menstrual period and only 7% of mothers 
had a dating ultrasound prior to 14 weeks28. The Dubowitz scoring system used has been 
evaluated previously and, was found to provide valid estimates of gestational age in Aboriginal 
neonates28.  The use of the CDC growth reference fits the CDC view that only set of growth 
charts is needed to cover all racial and ethnic groups and is supported by research evidence 
from a number of studies, including one in the Canadian aboriginal population39. While the 
high breast-feeding rates in the Aboriginal population may make using the CDC references 
difficult in early life, this is less of an issue for the heights measured at the same as the cognitive 
assessments. 
We were not able to control for the presence of colourblindness 
or other problems with vision or with fine motor 
skills. However, there are likely to be few participants with 
conditions severe enough to impact on performance in the 
CogState battery, and such individuals would be unlikely to 
take part in the battery (or give a very low score, which we did 
not see). We were also unable to assess changes in nutritional 
status in childhood and how that would relate to changes in 
neurodevelopmental outcomes. 
 
Different findings in terms of associations with the three cognitive outcome variables may 
reflect an issue with the sample size in this population, in that additional significant findings 
may have been seen with a larger sample. However, it may also reflect true differences in which 
factors influence different aspects of cognition, or differences between the way factors 
influence cognition in this population compared to other populations. In particular, the 
inconsistent findings for early growth are mirrored by the findings for residential status, with 
both fetal growth restriction and remote residence associated with greater WM. 
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Conclusion 
In this cohort of Indigenous Australians, significant associations were seen between a range of 
factors and cognition in early adulthood. However, the associations differed depending on the 
outcome measure, but included birth weight inversely associated with SRT and fetal growth 
restriction associated with greater WM. Reactions times differed between non-remote and 
remote-based participants, suggesting that aspects of life, possibly related to socio-economic 
status play a role in influencing this aspect of cognitive function. No associations were seen 
with contemporary height. These results suggest that fetal growth may be more important than 
the factors influencing post-natal growth in terms of cognition in early adulthood in this 
population, but may be inconsistent between different cognitive outcomes. Further research is 
required to identify whether similar associations are seen in other, similar, populations, and to 
assess why differences in cognitive outcome measures are seen.  
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Table 1: Descriptive statistics, continuous variables. 
Variable n Mean (SD)/Median (IQR) 
Birth Weight (kg) 263 3.00 (0.61) 
Gestational age (weeks) 237 38 (1.84) 
Age (years) 262 18 (1.09) 
Height at current age (cm) 262 167.69 (8.91) 
Height at current age (z-score) 262 -0.20 (0.91) 
BMI at current age (z-score) 262 -0.46 (1.63) 
Maternal age (years) 262 22 (5.78) 
Simple reaction time (SRT) 263 345.74 (283.35, 468.52) 
Choice reaction time (CRT) 255 613.90 (517.23, 722.78) 
Working memory (WM) 259 1089.53 (853.29, 1386.00) 
SD – standard deviation, IQR – inter-quartile range, BMI – body mass index, SRT – simple 
reaction time, CRT – choice reaction time, WM – working memory 
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Table 2: Univariate linear regression results  
Variable co-eff 95%CI p n 
Gestational age (weeks)     
SRT 3.22 -10.55, 16.99 0.645 237 
CRT 2.73 -9.19, 14.65 0.652 229 
WM 29.48 -32.67, 91.63 0.351 233 
Birth Weight (kg)     
SRT -61.01 -100.04, -21.97 0.002 263 
CRT -24.03 -58.86, 10.80 0.125 255 
WM -56.81 -244.26, 130.65 0.551 259 
Birth Weight (categorised)     
SRT >2.5kg reference   263 
 <2.5kg 68.51 1.29, 135.73 0.046  
CRT >2.5kg reference   255 
 <2.5kg 46.71 -12.48, 105.91 0.121  
WM >2.5kg reference   259 
 <2.5kg 155.45 -163.30,474.20 0.338  
Fetal growth restriction, birth weight <10th percentile   
SRT No reference   237 
 Yes 87.44 32.03, 142.85 0.002  
CRT No reference   229 
 Yes 28.47 -20.79, 77.72 0.256  
WM No reference   233 
 Yes 317.85 63.79, 571.91 0.014  
Age (years)     
SRT 4.52 -17.57, 26.61 0.687 262 
CRT 3.77 -15.73, 23.26 0.704 254 
WM 14.7 -89.90,119.30 0.782 258 
Height at current age (cm)     
SRT -2.94 -5.63, -0.25 0.032 262 
CRT -2.41 -4.78, -0.03 0.047 254 
WM 8.84 -3.94, 21.6 0.174 258 
Height at current age (Z-score)     
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SRT - simple reaction time, CRT - choice reaction time, WM - working memory 
  
SRT -39.06 -65.23, -12.87 0.004 262 
CRT -35.12 -58.26, -11.98 0.003 254 
WM 29.15 -96.70, 154.99 0.649 258 
BMI at current age (Z-score)     
SRT -28.68 -43.09, -14.28 <0.001 262 
CRT -18.79 -31.77, -5.80 0.005 254 
WM -48.67 -119.07, 21.73 0.175 258 
Region     
SRT Remote reference   262 
 Urban -144.32 -197.07, -91.58 <0.001  
CRT Remote reference   254 
 Non-remote -123.26 -169.72, -76.81 <0.001  
WM Remote reference   258 
 Non-remote -237.49 -498.52, 23.54 0.074  
Maternal age (years)     
SRT -1.21 -5.40, 2.98 0.570 262 
CRT 2.1 -1.57, 5.78 0.261 254 
WM -2.32 -22.17, 17.52 0.818 258 
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Table 3:  Results of the adjusted linear regression models for the three cognitive outcomes 
Variable co-eff 95%CI p 
SRT (n=235)    
Gestational age (weeks) 18.15 1.41, 34.89 0.034 
Birth Weight (kg)* -76.39 -128.16, -24.63 0.004 
Birth Weight (categorised)*    
>2.5kg Reference  
<2.5kg 103.02 14.15, 191.87 0.023 
Fetal growth restriction, birth weight <10th percentile*  
No Reference  
Yes 72.97 19.09, 126.86 0.008 
Age (years) 0.91 -20.86, 22.67 0.934 
Height at current age (cm) -0.58 -3.65, 2.50 0.712 
Height at current age (Z-score) -14.68 -44.39,15.02 0.331 
BMI at current age (Z-score) -12.45 -28.71, 3.82 0.133 
Residential status    
Remote Reference  
Non remote -130.96 -189.17, -72.74 <0.001 
Maternal age (years) 1.92 -2.40, 6.24 0.382 
CRT (n=227)   
Gestational age (weeks) 5.07 -9.62, 19.76 0.497 
Birth Weight (kg)* -16.31 -61.63, 29.01 0.479 
Birth Weight (categorised)*    
>2.5kg Reference  
<2.5kg 53.52 -23.39, 130.43 0.172 
Fetal growth restriction, birth weight <10th percentile*  
No Reference  
Yes 6.97 -55.85, 69.79 0.827 
Age (years) 3.89 -15.13, 22.90 0.687 
Height at current age (cm) -1.64 -4.34, 1.05 0.232 
Height at current age (Z-score) -22.29 -48.50, 3.92 0.095 
BMI at current age (Z-score) -14.38 -28.67, -0.11 0.048 
Residential status    
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Remote Reference  
Non-remote  -122.06 -172.96, -71.16 <0.001 
Maternal age (years) 4.19 0.40, 7.97 0.030 
WM (n=231)   
Gestational age (weeks) 59.13 -21.23, 139.49 0.148 
Birth Weight (kg)* -142.31 -390.01, 105.39 0.259 
Birth Weight (categorised)*    
>2.5kg Reference  
<2.5kg 405.18 -14.07, 824.44 0.058 
Fetal growth restriction, birth weight <10th percentile*  
No Reference  
Yes 297.56 40.48, 554.64 0.023 
Age (years) 28.57 -75.73, 132.87 0.590 
Height at current age (cm) 7.12 -7.64, 21.89 0.343 
Height at current age (Z-score) 2.06 -141.39, 145.51 0.977 
BMI at current age (Z-score) 20.5 -58.26, 99.27 0.608 
Residential status     
Remote reference  
Non-remote  -199.18 -477.73, 79.38 0.160 
Maternal age (years) 6.78 -13.97, 27.53 0.521 
SRT – simple reaction time, BMI – body mass index, CRT – choice reaction time, WM – 
working memory 
* Birth weight was not included as an adjustment for birth size or fetal growth-related variables. 
These early growth data were also not included within the same models, with only birth weight 
(kg) used as an adjustment factor for the non-fetal growth related variables. 
